Introduction
Infections caused by antibiotic-resistant pathogens constitute a worldwide health crisis and have high mortality and morbidity. It is estimated that more than 20,000 deaths annually are linked to antimicrobial-resistant infections in the United States, and up to two million of such infections occur per year [1] . In the European Union, infections resulting from multidrug-resistant bacterial strains lead to 25,000 deaths and cost healthcare systems 1.5 billion euros per year [2] . The situation will almost certainly deteriorate if novel therapeutic strategies are not developed soon [3] .
Resistance to carbapenem is particularly alarming, as it is a critically important class of antibiotics on the WHO List of Essential Medicines [4] . Carbapenems are often used as the last-resort treatment for many bacterial infections [5] . They are also crucial for treating life-threatening nosocomial infections and infections in compromised hosts. The emergence of carbapenem resistance first came to light in 1990 and is now recognized as a global issue that poses a significant threat to human health [6] . Therefore, new therapies for carbapenem-resistant bacteria are urgently required [7] .
Shewanella algae is a gram-negative, motile, facultative anaerobic marine bacillus [8] . The organism has been proposed to be a potential source of antibiotic resistance in marine environments [9] . Known to be ubiquitous in the marine environment, the organism has become an emerging human pathogen, causing bacteremia, soft tissue and intra-abdominal infections [10] [11] [12] [13] [14] [15] . There have been increasing reports of carbapenem resistance in S. algae [16] . Previous studies have suggested that chromosomeencoded OXA-type b-lactamase is associated with carbapenem resistance in Shewanella spp. [17] .
Recently, the clustered regularly interspaced short palindromic repeat (CRISPR) system and CRISPR-associated protein 9 (Cas9) were shown to provide adaptive immunity in prokaryotic defense systems, and the CRISP/Cas9 system has since been harnessed as a genome editing tool [18] . Attempts have been made to re-sensitize resistant E. coli using this system [19, 20] . In this study, we sequenced and annotated the genome of the carbapenemresistant strain of Shewanella algae VGH117 and performed genome editing of 3 candidate genes using CRISPR/Cas9 and recE/recT recombinase to reverse the carbapenem resistance in S. algae.
Material and methods

Whole genome sequencing of S. algae VGH117
For genomic DNA preparation, the human clinical isolate S. algae VGH117 was grown on an LB agar plate (BD, Franklin Lakes, NJ, USA) at 35°C for 12 h. Cells were harvested and suspended in nuclease-free water and OD 600 was adjusted to 1 (approx. 1.0 Â 10 9 CFU/mL). DNA was extracted from 2 mL of bacterial suspension using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). DNA quality and quantity were determined by the OD260/280 ratio using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and concentrations were read using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). DNA was sheared to the 10 kb range using g-TUBE (Covaris, Woburn, MA, USA), and the size distribution was examined by a Bioanalyzer (Agilent, Santa Clara, CA, USA). The sheared DNA was treated with DNA damage repair mix followed by end repair and ligation of SMRT adapters using the PacBio SMRTbell Template Prep Kit (Pacific Biosciences, Menlo Park, CA, USA) following the manufacturer's instructions. The prepared libraries were then sequenced on a Pacific Biosciences RSII sequencer using three single-molecule real-time (SMRT) cells. SMRT Analysis portal version 2.1 was used for read filtering and adapter trimming with default parameters, which produced postfiltered data of approx. 1.63 Gb (approx. 332.8-fold coverage) with an N50 read length of approx. 6.3 kb (Table 1) .
Genome assembly and gene annotation
The postfiltered reads were assembled by Canu (v1.4) [21] , which produced one single large chromosomal contig (approx. 4.7 Mb) and a small plasmid contig ( Table 2) . Circlator was used to circularize these contigs into circular form [22] . Protein-coding and non-coding genes in the VGH117 genome and plasmid were annotated using the National Center for Biotechnology Information (NCBI) Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP) (with accession numbers CP032414 and CP032415, respectively). Functional classification of these annotated genes was carried out by RPSBLAST v. 2.2.15 in conjunction with the COGs (Clusters of Orthologous Groups of proteins) databases (Evalues < 0.001).
Detection of antibiotic resistance genes and target selection
Antibiotic-resistance genes were predicted using an online tool, Comprehensive Antibiotic Resistance Database (CARD, https://card.mcmaster.ca/home), that utilizes protein homology to predict gene models [23] . Two criteria were used to select S. algae VGH117 gene targets for CRISPR/Cas9 editing and functional tests in this study. The first criterion was that the minimal protein identity of the matching region must be higher than 30% and must extend over 80% of the entire protein length. The second criterion was that the E-value of BlastX must be lower than 1EÀ40.
Bacterial strains and growth conditions E. coli TOP10 (Thermo Fisher Scientific, Waltham, MA, USA) and BW29427 (aka WM3064) were employed for plasmid construction and conjugation of plasmid DNA into Shewanella, respectively. All E. coli and S. algae VGH117 cells were cultivated in LB broth/agar (BD, Franklin Lakes, NJ, USA) at 28°C with shaking at 180 rpm if broth was used. The media was supplemented with 0.3 mM of 2,6-diaminopimelic acid (DAP) (Sigma-Aldrich, St. Louis, MO, USA) when growing E. coli BW29427 and 10 mM L-arabinose (Sigma-Aldrich, St. Louis, MO, USA) was added into the media to induce the recE/recT operon expression. LB agar was supplemented with 100 mg/mL apramycin (Sigma-Aldrich, St. Louis, MO, USA) to select for cells carrying pCC1-oriT-Cas9 or with 100 mg/mL apramycin and 100 mg/mL kanamycin (Sigma-Aldrich, St. Louis, MO, USA) to select for cells carrying the pCC1-oriT-Cas9-sgRNA-donor plasmids.
Construction of the Cas9 containing plasmid pCC1-oriT-Cas9
Both the Streptococcus pyogenes Cas9 gene (SpCas9) and the E. coli Rac prophage recombinase genes recE and recT were derived from their corresponding genomic sequences, synthesized (Thermo Fisher Scientific, Waltham, MA, USA), and used in this study. The oriT sequence that is responsible for the transfer of DNA during conjugation was derived from a mariner transposon plasmid, pKMW2. All these building blocks (SpCas9, recE/recT, and oriT) were cloned into the pCC1Fos (Epicentre, Madison, WI, USA) vector backbone using Gibson assembly (SGI-DNA, La Jolla, CA, USA). In this plasmid, the expression of the Cas9 endonuclease gene is driven by its original S. pyogenes promoter. The expression of recE/recT operon is under the control of the arabinose-inducible promoter pBAD (or ParaB) and terminated by the k tL3 terminator.
The sgRNA-scaffold DNA was synthesized (Thermo Fisher Scientific, Waltham, MA, USA), PCR fused with the 16S rRNA gene promoter amplified from Shewanella onedensis MR-1 (ATCC 700550) genomic DNA, and then inserted into the pCC1-oriT-Cas9 plasmid. Two BsaI cutting sites were designed immediately downstream of the Shewanella 16S promoter and upstream of the sgRNA scaffold, allowing insertion of a spacer sequence. A unique SacI restriction site was planned 63 bp upstream of the 16S promoter to allow cloning of the donor DNA template into the pCC1-oriT-Cas9 plasmid. The map of plasmid with genome editing function (pCC1-oriT-Cas9-sgRNA-donor) is shown in Fig. 1 .
Design and addition of targeted sgRNA and donor DNA into pCC1-oriT-Cas9
Plasmids with genome editing function were derived from pCC1-oriT-Cas9 by adding the targeted sgRNA sequences (spacers) and donor DNA templates. To design a spacer sequence for each target knockout, the protospacer was chosen by selecting a 20 nt sequence which was immediately flanked at the 3 0 end by the NGG sequence. To ensure uniqueness of the selected spacer sequences, BLAST analyses were performed for all possible 23 nt queries (20 nt plus NGG) against the complete genome sequence of S. algae VGH117. Forward and reverse spacers were synthesized in oligonucleotides with the sticky ends GAAG (the last 4 nt of the 16S promoter) added to the beginning of the forward oligos, and AAAC (complementary to the first 4 nt of the sgRNA scaffold) added to the beginning of the reverse oligos. Paired oligonucleotides were annealed and ligated with BsaI-digested pCC1-oriT-Cas9 using T4 DNA ligase (NEB, Ipswich, MA, USA). The spacer sequence was confirmed by Sanger sequencing. Oligonucleotides employed for spacer oligo annealing and sequence verification are shown in Table 3 .
The donor DNA is approximately 1 kb in length with sequence homology to regions upstream (500 bp) and downstream (500 bp) of the targeted genes. The donor DNA was designed to delete the complete open reading frame, including the start and stop codons. To generate the 1 kb donor DNA, two homologous arms were amplified from genomic DNA separately and were then fused together by fusion PCR. The donor DNA was then cloned into the pCC1-oriT-Cas9 plasmid carrying the corresponding spacer sequence by Gibson assembly (SGI-DNA, La Jolla, CA, USA) to yield the pCC1-oriT-Cas9-sgRNA-donor. Primers used for amplifying and PCR fusion of the donor DNA arms are shown in Table 4 .
Targeted gene deletion using CRISPR/Cas9 coupled with recE/recT recombinase
The fully assembled pCC1-oriT-Cas9-sgRNA-donor was extracted from TOP10 cells and then transferred into the E. coli conjugation strain BW29427 by electroporation (0.1 cm cuvette, 1.80 kV) (Bio-Rad, Hercules, CA, USA). After electroporation, cells were immediately added into 1 mL of SOC medium (Invitrogen, Carlsbad, CA, USA) and recovered for 1 h at 28°C prior to plating on LB agar containing kanamycin and apramycin.
Recipient S. algae VGH117 were grown overnight at 28°C with shaking at 180 rpm in 5 mL of LB broth. Donor E. coli BW29427 (harboring pCC1-oriT-Cas9 or pCC1-oriT-Cas9-sgRNA-donor) were also grown in the same conditions as recipient but in LB broth supplemented with antibiotics and DAP. Both recipient and donor cell pellets were resuspended and diluted with LB broth to OD 600 = 1. They were then mixed in a 1:3 ratio immediately by pipetting. Fifty mL of cell mixture was then placed on an LB agar plate containing DAP and L-arabinose. After incubation at 30°C for 24 h, cells were collected and washed twice with LB broth. The bacterial pellet was resuspended in 1 mL of LB broth and then decimal dilutions from 10 À2 to 10 À6 of bacterial suspension were prepared by transferring 100 mL of the previous dilution to 900 mL of LB broth. One hundred mL of each dilution was pipetted onto separate LB agar plates containing L-arabinose and antibiotics, and then spread across the surface of each plate and allowed to dry. Plates were promptly incubated for 24 h at 30°C. Sixteen colonies were randomly picked for further target knockout screening.
Screening of targeted gene deletion
The screening of S. algae VGH117 colonies for targeted gene deletion was performed by PCR using primers designed to flank the target and donor DNA sequence. Colonies carrying the targeted deletion would have a different size PCR product compared to the wild-type strain. The primer sequences for screening targeted deletion are listed in Table 5 . The control strain (harboring pCC1-oriT-Cas9) and PCR-confirmed knockout strains (harboring pCC1-oriT-Cas9-sgRNA-donor plasmid) were subjected to the antimicrobial susceptibility tests described below. 
Results
Antibiotics resistance profile of S. algae VGH117 S. algae VGH117 was resistant to both ampicillin and imipenem on the E-test strips in the antimicrobial susceptibility tests.
According to the manufacturer's instructions, the MIC values of ampicillin and imipenem were reported as !256 and !32 mg/mL, respectively. The MICs of ciprofloxacin, levofloxacin and trimethoprim/sulfamethoxazole were 0.19, 0.19 and 1.5 mg/mL respectively. Based on the EUCAST Clinical Breakpoint v 8.0, S. algae VGH117 showed a high level of resistance to ampicillin and imipenem, but was reported as susceptible to ciprofloxacin and levofloxacin. For trimethoprim/sulfamethoxazole, EUCAST had no breakpoint data that we could reference at the time of this writing.
Detection of potential antibiotics resistance genes
With the available genome sequence, the CARD Resistance Gene Identifier (RGI) was used to detect a potential sulfonamide resistance gene in S. algae VGH117 with 100% identity in protein sequence with dihydropteroate synthase (sul2) (Evalue = 4.0EÀ148). RGI also detected a total of 18 genes that may be responsible for the resistance of ampicillin and imipenem, including 1 ambler class D b-lactamase, 1 SRT b-lactamase, 1 subclass B3 LRA b-lactamase, 1 class C/D LRA b-lactamase, and 14 NmcA b-lactamase genes. There were 2 candidates that reached the target selection criteria we set. One had 97.92% identity (Evalue = 1.3EÀ160) in protein sequence with OXA-55 b-lactamase (bla OXA-55 ), and the other had 33.22% identity (E-value = 6.9EÀ40) with NmcA b-lactamase (NmcR). In this study, three genes including sul2, bla OXA-55 -like and NmcR-like were chosen for the CRISPR/ Cas9-mediated genome editing experiment (Table 6) .
CRISPR/Cas9-mediated deletion of sul2, bla OXA-55 -like, and NmcR-like and antibiotic resistance tests
The plasmid with genome editing function (pCC1-Cas9-oriT-sgRNA-donor) was derived from pCC1-oriT-Cas9 by adding the tar- geted spacer and donor DNA. By delivering the pCC1-Cas9-oriT-sgRNA-donor from E. coli BW29427 into S. algae VGH117, a single gene deletion could be achieved. The editing approach flow chart is shown in Fig. 2 . This one-plasmid genome editing system appears to work well with S. algae VGH117 cells. After screening 16 colonies for each editing experiment, we observed 68.75%, 31.25%, and 75% gene knockout efficiency in sul2, bla OXA-55 -like, and NmcR-like, respectively ( Table 7) . In antibiotics resistance testing, the MIC value of the NmcR-like knockout strain (SH042) showed no obvious difference with the wild-type strain. This result suggested NmcR-like gene is not related to the resistance. However, the sul2 and bla OXA-55 -like knockout strains (SH041 and SH036 respectively) showed diminished resistance to sulfonamides, ampicillin and imipenem ( Table 8 , Fig. 3C, 3F, 3I) . The sulfonamide MIC of SH041 was 0.38 mg/mL, which was 4 times lower than that of wild-type Fig. 2 . The flow chart of editing approach used in this study. (1.5 mg/mL). SH036 showed a significantly decreased MIC to ampicillin and imipenem ( Table 8 ). The inhibition ellipse clearly appeared around the ampicillin and imipenem strips, and the Etest results indicated that the MIC was 0.38 mg/mL in both antibiotics ( Fig. 3F, 3I ). Based on the EUCAST clinical breakpoints and the resulting MIC values, SH036 had become susceptible to ampicillin and imipenem. This finding demonstrates the feasibility of using the one-plasmid CRISPR/Cas9 system to perform genome editing in S. algae VGH117 cells and to verify predicted antibiotic resistance genes experimentally. Taken together, these results also suggest this system may have a potentially broader functional applicability in various other Shewanella species.
Discussion
In the study, the carbapenem-resistant S. algae was successfully re-sensitized using the CRISPR/Cas9 system. To the best of our knowledge, this is the first report of re-sensitization of resistant nonfermentative, gram-negative bacilli. The results potentially open up a new strategy for reversing carbapenem resistance using the CRISPR/Cas9 system. Further studies are needed to optimize the efficacy of this method and its delivery system [24] .
Conventional methods of studying antibiotic resistance genes in Shewanella were usually carried out by large-scale PCR screening of candidate genes [25] or genomic expression library cloning [17, [26] [27] [28] . These approaches have their own limitations because PCR can only be used to screen a set of known genes, and the use of genomic clone libraries requires a large volume of phenotypic screenings. The CRISPR/Cas9 system with or without recombineering has provided an efficient strategy in several bacteria such as E. coli [29] [30] [31] , Streptococcus [31] , Streptomyces [32] , Lactobacillus [33] and Clostridium [34] . CRISPR/Cas9 is an adaptive immune system in bacteria and archaea that confers resistance to foreign genetic elements [35] . The class 2 type II CRISPR/Cas9 system consists of a Cas nuclease (Cas9), a trans-activating CRISPR RNA (tracrRNA) and a programmable CRISPR-targeting RNA (crRNA), which generates a Cas9-mediated double-strand break (DSB) at almost any target locus [36, 37] . Since the DSB is deadly, bacterial cells possessing specific modification generated via recombination can be easily selected. If a repair template with homology arms flanking the target is supplied, the break could be repaired according to this template, allowing for precise gene deletions by either the Rac prophage RecE/RecT system or the bacteriophage lambda Red system [38, 39] . In this study, a plasmid which contains all of the above elements to perform CRISPR/Cas9-mediated gene deletion was constructed. By comparing the resistance levels of the wild-type strain and target gene knockout strains, we were able to functionally assess whether the predicted target genes were responsible for the antibiotic resistance.
In recent years, the CRISPR/Cas9 method has rapidly advanced, allowing precise genome editing for the purposes of understanding the function of a given gene and linkages between genetic variations and biological phenotypes [19, 31] . Compared with previous genome engineering technologies, such as zinc finger nucleases (ZENs) [40] and transcription activator-like effector nucleases (TALENs) [41] , the CRISPR/Cas9 system is simpler and more efficient in modifying genomic targets [42] . Several attempts have been made to deliver the CRISPR-Cas-encoding cassette into pathogen by phage and demonstrated the approach is capable to eliminate specific pathogen [43, 44] . Yosef et al. further used lytic phages to transfer CRISPR-Cas system to sensitize antibioticresistant bacteria and showed the potential applicability in the antibiotic resistance problem [45] . In this study, the customizable modular design of pCC1-Cas9-oriT enabled construction of 3 different functional pCC1-Cas9-oriT-sgRNA-donors in vitro that targeted different genomic regions for editing. Interestingly, the editing efficiency of bla OXA-55 -like gene was two-fold lower compared with other targets without any significant difference in spacer sequence design or target gene size (Table 7) . To further understand the factors that may affect efficiency, different spacer sequences designed for the same target need to be evaluated, such as Tm(°C) and %GC of spacer sequence, and the chosen PAM sequence should be considered and tested.
Using whole genome sequencing and consecutive antibiotic resistance gene prediction, a sulfonamide resistance gene (sul2) was found in the genome of S. algae VGH117. This in silico analysis result was confirmed by antibiotic sensibility test using the EUCAST guidelines. A previous study indicated that some Shewanella clinical isolates carry the sul2 gene [46] ; however, the results did not demonstrate whether the presence of sul2 was related to sulfonamide resistance. The sul2 gene expresses dihydropteroate synthase, which facilitates the production of para-aminobenzoate (PABA), an intermediate of folate synthesis, capable of reducing the growth inhibition effect caused by sulfonamide competing for the PABA [47] . According to the result of this study, the sul2 knockout strain (SH041) showed a reduction of trimethoprim/sulfamethoxazole MIC from 1.5 mg/mL to 0.38 mg/mL (Table 8 ). It suggests that the presence of sul2 gene might confer sulfonamide resistance in Shewanella.
Shewanella spp. are able to resist many b-lactams including cephalosporins and penams. We identified an OXA-55-like blactamase in the genome of S. algae VGH117. This 289-aminoacid OXA-55-like protein shared 97.92% identity with the first reported carbapenem-hydrolyzing ambler class D b-lactamase OXA-55 (bla OXA-55 ) from Shewanella algae KB-1 (GenBank ID: 
